Abstract By means of DFT calculations p), GIAO], the properties of the three tautomers of 1:9,5:10-anthradipyrazole were analyzed and compared with Maspero's crystal structures and NMR results. The agreement is fairly good and in agreement with indazole tautomers. Besides, the aromaticity of these interesting five-membered ring systems was explored.
Introduction 1:9,5:10-Anthradipyrazole (1) is a dye associated with Möhlau's name ( Fig. 1 ) that was prepared by Möhlau [1] (under the name anthrachinoyl hydrazine); Bradley and Geddes [2] prepared related anthrone derivatives. Afterward it has been described in some patents but otherwise it remained forgotten until very recently Maspero et al. [3] published a paper entitled ''Möhlau's Anthradipyrazole Revisited: A New Look at an Old Molecular System.'' Compound 1 is named DBDI (2,7-dihydrobenzo[1,2,3-cd;4,5,6-c 0 d 0 ]diindazole) by these authors. In Maspero et al. [3] paper, there is wealth of information about compound 1. This compound can exist in three tautomeric forms (Scheme 1) according to the position of the NH proton. We have used an ad hoc numbering to stress the indazole aspect of 1, but in Scheme 1, we have reported the name and numbering used in reference [3] as well as the correct name according to Chemical Abstracts Ring Systems Index (compound 1 has the CAS number 4430-64-2).
These authors isolate two polymorphs of 1 called a and b. Both are ''out-out'' tautomers, that is, the prototropic proton is on N1 (their numbering of nitrogen atoms is just the opposite as ours, but we prefer to number these compounds as indazoles). Actually, this is clearly stated for the a polymorph, but for the b they wrote, ''The arrangement here proposed locates the H1 atom uniquely on the N2 site (our N1), but obviously, protonation at N1 (our N2) or even a double-well potential energy surface for the proton transfer may exist.''
Computational details
Optimization and frequency calculations were carried out at the B3LYP [4] [5] [6] /B3LYP/6-311??G(d,p) level [7, 8] ; all the minima have 0 imaginary frequencies and all the TSs one imaginary frequency. GIAO and 1 H-1 H spin-spin coupling constants calculations [9, 10] were carried out at the same level. Total (hartree, not reported) and relative (kJ mol -1 ) energies correspond to B3LYP/6-311??G(d,p) calculations. The Gaussian 09 package was used for all the calculations [11] .
The following equations have been used to transform absolute shieldings into chemical shifts: The stability of the potential dimers of 1 has been studied by means of the B97D DFT method [14] that include an explicit treatment of the dispersion interaction term and the 6-31G(d) basis set. The inherent basis set superposition error has been corrected with the counterpoise method [15] that in general provides interaction energies closer to those at complete basis set extrapolation [16] . The electron density of the structures obtained has been analyzed by means of the atoms in molecules (AIM) methodology [17] with the AIMAll program [18] .
The molecular electrostatic potential (MEP) of the isolated molecules has been evaluated with the Gaussian-09 facilities and displayed with the Jmol program
Results and discussion

Tautomerism
If we consider compound 1 as a diindazole, i.e. two indazoles linked by singled bonds between positions 3,3 0 and 5,5
0 , all we known about 1H-indazoles' tautomerism demonstrated that the 1H-tautomer is much more stable than the 2H-tautomer [19] [20] [21] [22] [23] [24] [25] .
We have calculated at the DFT/6-311??G(d,p) level the energies of the three tautomers of Scheme 1: outside the molecular plane (Fig. 2) ; [27] . But in the crystals the migration along the hydrogen bonds is much lower in energy, in the order of 50 kJ mol -1 [28] .
Hydrogen bonds and tertiary structure of 1H-indazoles
One of the aspects that interested us the most was the supramolecular structure of both polymorphs, specially the b one, that crystallize in a 3 1 (and 3 2 ) infinite helical sequences of N1-HÁÁÁN2 hydrogen bonds. 1H-indazoles crystallize using N1-HÁÁÁN2 hydrogen bonds to form dimers, trimers and catemers (chains) [29] [30] [31] . In the last case, the chains form helices and although, in general both helices are present in the unit cell, there are cases where the crystal contains only one helix (conglomerate) and spontaneous resolution occur. This is, for example, the case of indazole itself [30, 31] . In both polymorphs of anthradipyrazole (1), the molecules lie on crystallographic inversion centers [3] . An important aspect of the crystallographic study of compound 1 is that ''hydrogen bonding prevails in the porous polymorph (b), while CHÁÁÁp interactions are mostly effective in the close packed structure (a)'' [3] . We have optimized the dimer of anthradipyrazole 1 out-out starting from the stacked structure of the two polymorphs and from a hydrogen bonded structure. The stabilization energy of the dimer (dimer free energy versus free energy of two molecules of the monomer) is -22.0 kJ mol -1 . In all cases (see Fig. 3 ), the optimized structure corresponds to the pÁÁÁp one. In the present case, the stacking interaction energy was calculated to be -74.6 kJ mol -1 (-52.1 kJ mol -1 when the BSSE correction was included). Since in benzene it is -11.5 kJ mol -1 [32] and in pyrenefour rings-is -54.8 kJ mol -1 [33] , an average value of 14 kJ mol -1 per ring results. The large interaction energy obtained in the stacked dimer can be explained based on the MEP of the isolated monomer (Fig. 4) that shows an alternation of negative and positive regions over the molecular plane that favors the staking of two molecules slightly slided. We defined the geometry of these dimers with two values: the distance between planes and the parallel displacement (both in Å ): a 3.36 and 6.26 Å , b 3.43 and 3.85 Å and optimized dimer 3.17 and 4.44 Å , respectively. Thus, the molecules are closer in the gas-phase dimer than in the crystal structures and its lateral displacement is closer to the b polymorph (25 % a-75 % b).
The analysis of the electron density of the optimized dimer shows the presence of nine intermolecular bond critical points (bcp) linking the two molecules (Fig. 5) . The values of the electron density at the intermolecular bcp range between 0.006 and 0.008 au and the Laplacian between 0.019 and 0.023 au. These values are within the closed shell regime which is characteristic of weak interactions as those expected for a stacking interaction.
Maspero et al. [3] wrote that anthradipyrazole (1) is one of the rare cases in which rigid molecules present polymorphology. Note, however, that there are examples of polymorphism in 1H-indazoles [23] .
The helical structure of the b polymorph was subject to a further study. Besides the stacked dimers (Fig. 3) , we have calculated at the B97D/6-31G(d) computational level the optimized (no imaginary frequencies) geometries and the corresponding energies of the dimer, trimer, tetramer, pentamer, and hexamer (Fig. 6) .
Starting from the X-ray geometry of a trimer fragment of the helix, optimization leads to a cyclic structure, this is consistent with other indazoles forming trimers (Fig. 6) . Adding another monomer, step by step, leads to helix fragments: tetramer, pentamer and hexamer. Note that the hexamer is a double trimer stacked one above the other. Tetramer and pentamer have one near perpendicular monomer. If the hexamer optimized structure is compared with the Maspero's X-ray structure, Fig. 7 [3] , the similitude is evident although small differences are observed, due to the hexamer limitations and the crystal packing effects. The energies associated with the compounds of Fig. 6 are reported in Table 1 . Note that the BSSE correction inverts the interaction energies of the dimers.
The BSSE corrected interaction energies (E i ? BSSE) depend on the number of double hydrogen bonds (dHB) and on the number of stacked molecules. Cyclic trimers are value corresponding to the trimers indicates that the dHB weakens in the cyclic structure; it is like they were only 2.5 dHBs instead of 3 dHBs (or 5 instead of 6). On the other hand, an open trimer has only 2 dHBs and therefore should be less stable than the trimer, the same applying for the hexamer.
NMR spectroscopy The 15 N NMR spectra were not reported. The 1 H NMR data are very interesting. In the original publication the H5 and H7 signals were not assigned. But in 1H and in 1-substituted indazoles, 3 J 67 is always larger than 3 J 56 [34, 35] , because there is some localization of the bonds in the benzene. We have calculated these coupling constants (Table 2 ) and the agreement is acceptable for the 3 J HH . On the other hand, the calculated 4 J HH are ten times smaller than the experimental ones but this is irrelevant for the assignment of H5 and H7.
A comparison of experimental chemical shifts with calculated values is only possible for the DMSO-d 6 solution. Excluding the NH that is too sensitive to solvent effects [36] , for the three protons the correlations are not excellent but are better with the out-out (R 2 = 0.98) than Absolute energies in hartree and relative energies in kJ mol 
Aromaticity
To discuss the aromaticity of the five rings in the three tautomers of the anthradipyrazole (1) we have used two criteria, one magnetic (NICS, nuclear independent chemical shift) [37, 38] and the other geometric (HOMA, harmonic oscillator model of aromaticity) [39, 40] . The NICS were calculated at two height, NICS(0) in the plane of the molecule and NICS(1), 1 Å above it. The results are reported in Table 3 .
The results of Table 2 [NICS(1) values] deserve some comments that we have summarized in Scheme 2.
1. The central ring 2 is not aromatic only slightly antiaromatic, it simply links both indazoles. 2. 1H-indazole and 2H-indazole have the same aromaticity. We have proposed to add the aromaticities of both rings and to use R values [25] that amount to about -45 ppm. When comparing 1H to 2H-indazole, a shift of aromaticity from the six-to the fivemembered ring is observed. 3. The aromaticity of anthradipyrazoles is somewhat lower than that of two indazoles. There is a slight increase in aromaticity from in-in to in-out and to out-out that parallels the increase in stability. 4 . HOMA values are consistent with the picture that the central ring (number 2) is less aromatic than the other four, but the *0.5 values includes the two double bonds of indazoles. Atom DMSO- 
